Novel polycyclic aromatic hydrocarbon dioxygenase gene variants were present in abundances similar to or higher than those of phnA1 from Cycloclasticus spp. at a chronically polluted subantarctic coastal marine environment in Patagonia. These novel gene variants were detected over a 6-year time span and were also present in sediments from temperate Patagonian sites.
Novel polycyclic aromatic hydrocarbon dioxygenase gene variants were present in abundances similar to or higher than those of phnA1 from Cycloclasticus spp. at a chronically polluted subantarctic coastal marine environment in Patagonia. These novel gene variants were detected over a 6-year time span and were also present in sediments from temperate Patagonian sites. P olycyclic aromatic hydrocarbons (PAHs), organic molecules with two or more fused benzene rings, are recognized as chemicals of concern due to their recalcitrance and their potentially deleterious effects on the ecosystem and human health (11) . As a result of the hydrophobic nature of PAHs, sediments are the primary repository of these compounds in the marine environment (4) . The identification of functionally important PAHdegrading bacterial populations in marine sediments is the primary step to advancing our understanding of the ecological mechanisms governing PAH biodegradation in this environmental matrix (9) . The most common target used to study PAHdegrading bacterial populations is the gene encoding the alpha subunit of the dioxygenase that catalyzes the first step of aerobic degradation pathways (5) . In previous studies (2, 9), we identified eight distinct variants of this functional gene in intertidal sediments of Patagonia using PCR clone libraries targeting PAH dioxygenase genes previously identified in Gram-negative bacteria. Three of these gene variants showed Ն95% identity at the amino acid level with PAH dioxygenases from cultured representatives: phnA1 from Cycloclasticus spp. (15) , phnAc from Alcaligenes faecalis AFK2 (GenBank accession number AB024945), and other Betaproteobacteria, as well as nahAc from Pseudomonas spp. (6) . The rest of the gene variants, identified as A to E, showed Ͻ70% identity at the amino acid level with previously described sequences (9) . These novel genes were detected only in subantarctic sediments, in spite of analyzing intertidal sediments covering 12°lat-itude on the Patagonian coast (9) . Most novel genes were poorly represented in the PCR clone libraries with the exception of the C dioxygenase gene variant, whose relative abundance widely varied in sediments obtained at the same site in different years (2) . In the present work, we used quantitative PCR (qPCR) to quantify each of seven of these gene variants in intertidal sediments from Patagonia, in order to evaluate the ecological significance of bacterial populations carrying these genes. We excluded dioxygenase gene variant E from the analysis, since we were able to recover only one sequence of this gene variant in our previous study (2, 9) and it was not possible to guarantee an appropriate coverage in the design of a primer set. Our working hypotheses were as follows: (i) PAH dioxygenase genes nahAc, phnAc, and phnA1 are more abundant than novel gene variants A to D in subantarctic coastal sediments, (ii) relative abundances of these genes exhibit temporal variations when analyzed over a long time span, and (iii) novel variants of PAH dioxygenase genes present a narrow biogeographic distribution, restricted to subantarctic environments.
For this study, we selected the two most prominent hydrocarbon-polluted sites of the Argentinean coast of Patagonia: Orion Plant (OR) (54°48=S, 68°17=W) and Córdova Cove (CC) (45°45=S, 67°22=W) ( Fig. 1 and references 1-3 and 9). OR is located next to an oil jetty in Ushuaia Bay, within the Beagle Channel, and is mainly polluted with refined petroleum products (2, 9) . CC, on the other hand, is located on the coast of the San Jorge Gulf, in the Atlantic Ocean, and is mainly affected by crude oil extraction and transportation activities (1) . A third sampling location, Fracasso Beach (PF) (42°25=S, 64°7=W), was chosen as a reference pristine site (9) . OR belongs to the "Channels and Fjords of Southern Chile" marine ecoregion, while both CC and PF belong to the marine ecoregion "North Patagonian Gulfs" (14) . Surficial sediments (top 3 cm) were retrieved from 7 to 10 random points in the low tide line, combined, and mixed thoroughly in order to produce a composite sample. These intertidal sediment samples were named according to the sampling site (OR, CC, or PF) and the last two digits of the sampling year. Sediment PAH concentrations were measured by gas chromatography-mass spectrometry. More information regarding sampling sites, sampling method, and chemical analysis of sediment samples can be found in the supplemental material. As expected, PAHs of anthropogenic origin were found in all the sediment samples retrieved from OR and CC sites (151 to 4,127 g kg dry weight sediment Ϫ1 ), while no PAHs were detected in sample PF08 ( Fig. 2 ; see Table S1 in the supplemental material).
Metagenomic DNA was purified from sediment samples using the FastDNA SPIN kit for soil (MP Biomedicals, Solon, OH) (for detailed information see the supplemental material). Novel PAH dioxygenase gene variants A to D (9) and the gene variants with cultured representatives phnA1 (Cycloclasticus spp.), phnAc (Alcaligenes faecalis AFK2 and other Betaproteobacteria), and nahAc (Pseudomonas spp.) were quantified using SYBR green I qPCR assays with the primer sets and conditions detailed in the supplemental material. In addition, we estimated the relative abundance of bacterial 16S rRNA genes in the sediments, to be used as a reference value (see Table S2 in the supplemental material). We quantified these targets in six intertidal sediment samples retrieved at the OR site over a 6-year time span. In most sediment samples, C and D gene variants were more abundant than nahAc, phnA1, and phnAc genes ( Fig. 2A) , with relative abundances representing 0.01 to 0.63 and 0.08 to 1.94% of the quantified bacterial 16S rRNA genes, respectively. The B gene variant was also detected in all the sediment samples, although at lower concentrations (0.01 to 0.03% of 16S rRNA genes). These results suggest that populations carrying these novel gene variants are ecologically relevant members of this microbial community. Archetypical nahAc genes were also detected in all the analyzed samples, although at concentrations below the quantification limit of the assay (Fig. 2A) . This result is in contrast with nahAc relative abundances found in the PCR clone libraries, where this gene was dominant in the majority of the analyzed samples from Ushuaia Bay (2, 9) . This could be due to biases often found in this approach, introduced in endpoint PCR involving multiple templates, as well as in the cloning step (13) . location (OR, Orion Plant; CC, Córdova Cove; PF, Fracasso Beach) and the last two digits of sampling year. Genes that were detected in qPCRs but could not be quantified because they were present at concentrations below the quantification limit of the technique (8 ϫ 10 2 copies/g DNA for assays phnA1, nahAc, B and D, 9 ϫ10 2 copies/g DNA for assay A, and 1.3 ϫ 10 3 copies/g DNA for assays phnAc and C) are indicated in the figure with colored circles. The abundance of the 16S rRNA gene (16S) and the concentration of total PAHs (g/kg dry weight sediment [DWS]) are also indicated. Individual PAH concentrations and sampling dates can be found in Table S1 in the supplemental material.
We observed a decrease in the overall abundance of the quantified PAH dioxygenase genes over time ( Fig. 2A) , with an order of magnitude difference between the first two samples and the last two samples of the time series. The two genes with the highest reduction in abundance were A and phnA1, with two orders of magnitude difference over this time. Nonmetric multidimensional scaling analysis based on gene variant abundances in OR sediment samples showed a temporal trend in the ordination of the samples (see Fig. S1A in the supplemental material) . (For information about statistical analyses, see the supplemental material.) This result was supported by the grouping pattern obtained by cluster analysis (see Fig. S1B in the supplemental material) . Overall, these results suggest the occurrence of nonrandom temporal variations in the relative abundances of the target genes in intertidal sediment samples of this time series. Additionally, we used metadata information in order to explore which factors could be affecting the abundance of these microbial populations. The BIO-ENV analysis showed that two-and four-ring PAHs, total PAHs, and time elapsed since first sampling comprised the subset of variables that, when combined, gave the highest correlation between gene abundances and metadata information ( ϭ 0.693; see Table S3 in the supplemental material). This result suggests that changes in type and abundance of PAHs could provoke changes in the abundance of the microbial populations that carry the genes targeted in this study. In this time series, however, the overall abundance of targeted PAH dioxygenase genes decreased over time, despite the presence of various PAHs in the sediments ( Fig. 2A ; see Table S1 in the supplemental material). One possible explanation for the observed decline in PAH dioxygenase gene abundance could be that populations carrying these genes were outcompeted by other PAH-degrading populations not targeted in this study but present at this site, such as Gram-positive bacteria (10) . Further studies should explore this possibility.
In order to explore whether the biogeographic distribution of dioxygenase gene variants A to D is restricted to Ushuaia Bay, as suggested in our previous study (9) , or, alternatively, if these gene variants could also be found in other coastal environments in Patagonia, we analyzed sediment samples from CC and PF sites (Fig. 1) . All novel gene variants were detected in intertidal sediments of CC, although they were often found at concentrations below the quantification limit of the assays (Fig. 2B ). In addition, gene variants B and C were detected in the pristine site PF, also below quantification limits. Our work extends the known biogeographic distribution of novel PAH dioxygenase gene variants A to D to the temperate marine ecoregion North Patagonian Gulfs. It still needs to be determined if these genes are also present in microorganisms from other marine environments or in other habitats. In a recent work, Yagi and Madsen (18) identified sequences which clustered with PAH dioxygenase gene variant A in PCR clone libraries from a coal tar waste-contaminated aquifer (79.5% and 92.3% identity at nucleotide and amino acid levels, respectively). Although these sequences were only 78 bp long, this finding suggests that novel dioxygenase gene variant A could be diverse and broadly distributed.
The phnA1 gene was detected in 9 of the 11 samples from the two biogeographic regions analyzed in this study (Fig. 2) . We found a strong positive correlation between phnA1 gene abundances and the concentrations of three-ring PAHs ( ϭ 0.789; P ϭ 0.004) and phenanthrene ( ϭ 0.781; P ϭ 0.005). In addition, a correlation was found between phnA1 gene abundances and lowmolecular-weight PAHs (two-and three-ring PAHs; ϭ 0.708; P ϭ 0.015). On the other hand, no correlation could be found between PAHs with more than three rings and phnA1 gene abundances, although the low bioavailability of high-molecular-weight PAHs could preclude finding meaningful correlations between gene abundances and PAH concentrations (12) . The observed correlations are in agreement with substrate preferences of the recombinant dioxygenase from Cycloclasticus sp. A5, which is able to transform, within the PAHs tested, naphthalene, phenanthrene, and substituted naphthalenes but not anthracene, pyrene or benzo[a]pyrene (8) . Our results suggest that bacterial populations carrying phnA1 dioxygenase genes could play an important role in the biodegradation of (at least) two-and three-ring PAHs in coastal sediments of Patagonia.
Molecular techniques can provide timely information for choosing a bioremediation strategy, as well as for monitoring its efficiency and reliability (16) . However, insufficient knowledge regarding key biomarkers is still hindering the application of molecular biological tools in this field (17) . Our study shows that yet-unidentified bacteria carrying novel dioxygenase gene variants, in concert with known obligate hydrocarbonoclastic bacteria, might play an important role in the biodegradation of aromatic compounds in coastal sediments of Patagonia. As detecting a sequence is not necessarily an indication that the gene will be expressed and the enzyme will carry out the assumed function in the environment (7), further studies are needed to link these candidate biomarkers to their function within the microbial community.
